Microporous organosilica incorporating various amounts of sulpho groups (MS-SO 3 H) was prepared by hydrolysis and the co-condensation of tetramethoxysilane (TMOS) and mercaptopropyl trimethoxysilane (MPTMS), followed by oxidation of the thiol group. The resulting microporous silica had a regular porous structure similar to that of the mesoporous silica MCM-41, as shown by X-ray diffraction and nitrogen adsorption measurements. Ammonia adsorption microcalorimetry indicated that a large number of sulpho groups were successfully incorporated into the microporous silica framework. The sulpho group-incorporating microporous silica (MS-SO 3 H) exhibited catalytic activity towards the isomerization of but-1-ene to cis-and trans-but-2ene via an acid catalysis mechanism.
INTRODUCTION
The discovery of ordered mesoporous silica in the early 1990s has had a deep impact on research into catalysis and adsorption due to its interesting porous structure and its potential as a powerful catalyst (Schüth 2004) . MCM-41 is one of a number of well-known mesoporous silica which has a highly regular two-dimensional hexagonal pore array and a high surface area (Kresge et al. 2004) . Our research team has reported previously on a novel route to the synthesis ) and adsorption characterization of mesoporous silica (Matsumoto et al. 2001 . Realizing the potential of porous silica as a useful catalyst, we have also extended our research interest to the surface functionalization of such porous materials (Matsumoto et al. 2002 (Matsumoto et al. , 2005 .
A few studies on porous silica incorporated with various functional groups, including metals such as Co and Mn (Vetrivel and Pandurangan 2005) , Al Fang et al. 2005) and Fe (Kelberg et al. 2004 ) have been reported. The properties of such materials, i.e. catalytic (Fang et al. 2005; Vetrivel and Pandurangan 2005) , magnetic (Kelberg et al. 2004 ) and photoluminescent (Morita et al. 2004 ) have also been investigated for a range of applications. However, we are particularly interested in porous silica which exhibits acidic behaviour because of its potential application as an acid catalyst in chemical reactions. Our laboratory has also reported the synthesis of MCM-41 containing Al which creates Brönsted acid sites and gives rise to cationic sites in the framework . Subsequent to the previous work, studies for a stronger acid site have been undertaken by synthesizing porous silica including thiol (SH) groups, thereby obtaining porous silica functionalized with a strong acid group, i.e. sulpho (SO 3 H).
Various method of synthesizing (Díaz et al. 2000; Choi et al. 2003; Das et al. 2004 ) and characterizing sulpho group-functionalized mesoporous silica (Díaz et al. 2001; Mikhailenko et al. 2002) , targeting different catalytic reactions (Wilson et al. 2002; Mbaraka et al. 2003) , have been carried out by different research groups. In catalytic reactions, control of the pore size and pore characteristics of the catalysts plays an important role, especially in the diffusion of molecules and the shape selectivity of the products. However, no attention has been paid to this subject to date. In the present study, adjustment of the pore sizes of the sulpho-functionalized silica to the micro-/-meso-porous region has been attempted. In addition, we have employed ammonia adsorption and adsorption microcalorimetry rather than titration as a better technique for characterizing the effectiveness and efficiency of an acidic catalyst under various conditions, and thereby provide a better understanding of the material. Through the use of this technique, it has been possible to elucidate both the pore characteristics and acidic properties of the material. Furthermore, it was of interest to investigate the catalytic activity of this material in the conversion of but-1-ene, another application which has not been covered in the literature to date.
EXPERIMENTAL

Sample preparation
Decyltrimethylammonium bromide (C 10 TAB) (3.08 g) was dissolved in 200 g of a mixed solution of water and methanol (300% w/w). Then 17.34 mmol of a mixture consisting of tetramethoxysilane (TMOS) and mercaptopropyl trimethoxysilane (MPTMS) was dropped into the surfactant solution and 4.32 ml of 1 M sodium hydroxide solution (NaOH aq.) added to co-precipitate a precursor of the sulpho-functionalized microporous silica (MS-SH-n%/C 10 TAB, where n is the molar percentage of MPTMS to TMOS).
The mixture was then stirred at 298 K for 8 h, followed by filtering, washing and, finally, drying for 24 h. The dried sample was refluxed in methanol for 24 h to remove C 10 TAB and was designated as MS-SH-n%. The final product, viz. sulpho-functionalized microporous silica (MS-SO 3 H-n%), was obtained by oxidizing the thiol group (SH) in MS-SH-n% to the sulpho group (SO 3 H) through the use of hydrogen peroxide (35% aq. H 2 O 2 ) at room temperature. Microporous silica without the addition of MPTMS was also prepared and has been designated as MS-SH-0%.
Physicochemical characterization
X-Ray diffraction (XRD) patterns were measured using an automatic X-ray diffractometer (Rigaku RINT2000) employing Cu Kα radiation. After pre-treatment of the samples at 383 K and 1 MPa pressure for 11 h, nitrogen adsorption isotherms were obtained volumetrically at 77 K using a Quantachrome Autosorb 1-MP instrument. The solid-state 29 Si magic angle spinning (MAS) NMR spectra were recorded on a 400 MHz spectrometer (Varian, VNMR400P).
Ammonia adsorption and catalytic activity
The acidic characteristics of the samples were examined by ammonia adsorption. The adsorption isotherms and the differential heats of adsorption of ammonia were measured simultaneously at 298 K via a twin-conduction type microcalorimeter (Tokyo Riko). Before such measurements, the samples were pre-treated in vacuo (1 mPa) at 383 K for 5 h. The isomerization reaction of but-1ene was studied over the temperature range 373-523 K via a flow reaction system using a feed gas consisting of helium (33.3 kPa), nitrogen (33.3 kPa) and but-1-ene (33.3 kPa) at a flow rate of 17 ml/min. TG/DTA studies were carried out prior to reaction to determine the thermal stability of the samples and the necessary reaction temperatures.
RESULTS AND DISCUSSION
Physicochemical characterization
The MS-SH and MS-SO 3 H samples containing different MPTMS concentrations (10-30 mol%) were prepared as detailed in Table 1 . A siliceous sample, MS-SH-0% (MCM-41), was also prepared for comparative purposes.
The XRD pattern of MS-SH-0% shown in Figure 1 exhibits a clear peak at 2θ = 3.4 o which is assigned to diffraction by the (100) face of a two-dimensional hexagonal structure (Beck et al. 1992) . Other samples also exhibited similar XRD patterns. However, with increasing amounts of MPTMS in the samples, the highest peak was found to be slightly shifted from 2θ = 3.4 o to 2θ = 3.6 o . A similar shift due to increasing amounts of SH has also been was also observed by Chong and co-workers (2004) on attempting to incorporate MPTMS into the SBA-15 framework. This was attributed to the increasing number of dangling -SH and -SO 3 H functional groups attached to the pore walls. In the present study, increasing numbers of dangling functional groups would have caused a decrease in the pore size; hence, the shift of the (100) peak to a larger 2θ value. Other than this intense (100) peak, two weak peaks were also observed at 2θ = 5.7 o and 2θ = 6.5 o due to respective reflections at the (200) and (210) faces. The presence of these two peaks indicates a highly ordered porous array in the series of microporous materials studied. The intensity of the (100) peak decreased as the amount of loaded thiol increased. This indicated that the addition of thiol groups led to a less ordered structure in the porous material. A similar phenomenon has also been observed by Das and co-workers (2004) and has been explained by perturbation in the formation and self-assembly of surfactant aggregates due to the presence of an elevated concentration of MPTMS during co-condensation (Bossaert et al. 1999; Chong et al. 2004 ). The (100) peak could still be observed even after oxidation, suggesting the retention of the structure to a certain extent despite the collapse of the regular framework structure -probably as a result of hydrolysis during the oxidation process.
The adsorption isotherm of MS-SH-0% did not exhibit a clear step arising from capillary condensation. This may be associated with the narrower pore sizes contained in this sample as listed in Table 1 . In contrast, the adsorption isotherms of the MS-SH and MS-SO 3 H samples were type Ib in shape (Figure 2 ), suggesting the presence of pores in the micropore range. Indeed, the pore sizes of the various samples were totally confined to the micropore region. Taking sample MS-SH-10% as an example, nitrogen adsorption started with micropore filling up to a relative pressure of ca. 0.2. At higher relative pressures, the amount adsorbed increased slowly due to multilayer adsorption. The pore characteristics of all the samples studied are summarized in Table 1 . It was observed that the nitrogen uptake due to micropore filling decreased as the amount of thiol loading increased. This indicated the disruption by thiol of micropore formation during self-assembly of the surfactant and silica, which is consistent with the XRD observations mentioned above. The step corresponding to capillary condensation became less obvious after the incorporation of thiol, thereby indicating the existence of a low level of mesoporosity in these samples. The total amount of nitrogen adsorbed at relative pressures in the range 0.4-0.95 also decreased by one-third when 10 mol% thiol was introduced. Indeed, there was little difference in pore volume and specific surface area between MS-SH-10% and MS-SH-20%, suggesting the retention of a distinct silica framework up to 20 mol% thiol loading. However, when the thiol loading was increased to 30 mol%, the values of both the pore volume and specific surface area fell drastically. Again, this result agrees well with the XRD results where a very weak (100) peak was observed with the MS-SH-30% sample. Das et al. (2004) also reported a similar decrease in specific surface area and pore volume due to increasing amounts of thiol loading and the same type of behaviour was observed after the oxidation of the samples, especially that of the MS-SO 3 H-20% sample. This suggests that the stability of the silica framework diminishes at higher thiol loadings when the samples are exposed to H 2 O 2 . Both the XRD and nitrogen adsorption results suggest a relationship between the regularity of the porous array and the pore volume, as well as the surface area.
The 29 Si NMR spectra of MCM-41, MS-SH-20% and MS-SO 3 H-20% are depicted in Figure 3 . All these samples showed distinctive signals at -105 ppm and -115 ppm which were assigned to the magnetic resonance of silicon at the Q 3 [HO-Si(OSi) 3 ] and Q 4 [Si(OSi) 4 ] positions, respectively, indicating the presence of silanol groups and a siloxane network. The significant broad signals at -68 ppm were only found in the spectra of MS-SH-20% and MS-SO 3 H-20%; such signals were absent from the spectrum of MS-SH-0%. The signals attributed to silicon atoms attached to methylene groups [Si(-CH 2 -)(-OSi-) 3 ] were associated with mercaptopropyl and sulphopropyl groups (Dias et al. 2005) . The presence of these signals indicate the successful incorporation of mercaptopropyl and sulphopropyl groups into the structure whilst maintaining a regular microporous framework. Figure 4 shows the isotherms for the adsorption of ammonia gas onto the MS-SH and MS-SO 3 H samples. The isotherm for MS-SH-0% is included in the figure for comparative purposes. All the isotherms exhibit type Ia characteristics regardless of the amount of MPTMS incorporated in the sample or the oxidation treatment to which the latter was subjected. It should be noted that the amount adsorption depicted in Figure 4 is expressed as micromoles per square metre to allow a comparison of the sorption activity on a unit surface area basis. It will be seen from the figure that the isotherms for MS-SH-0% and MS-SH-20% were almost identical; the saturated uptakes were also similar to each other (MS-SH-0%, 1.33 µmol/m 2 ; MS-SH-20%, 1.24 µmol/m 2 ). In contrast, the uptakes at saturation for MS-SO 3 H-10% and MS-SO 3 H-20% were 4.0 and 5.5 µmol/m 2 , respectively, which were higher than those for MS-SH-0% and MS-SH-20%. Since MS-SO 3 H-20% was prepared via oxidation of MS-SH-20%, the sulphur content in both samples would be identical. However, the amount adsorbed at saturation for MS-SO 3 H-20% was four-times greater than that for MS-SH-20%, thereby indicating that the thiol group in MS-SH-20% was successfully oxidized to give an acidic sulpho group. Ammonia would adsorb preferentially on such an acid site via acid-base interaction. This interaction may be observed by adsorption microcalorimetry, as discussed below. The amount adsorbed increased as the sulphur content of MS-SO 3 H increased.
Ammonia adsorption
The differential heats of adsorption for ammonia are depicted in Figure 5 . Over the initial stages of the adsorption process such differential heats were 158 kJ/mol and 178 kJ/mol for MS-SO 3 H-10% 456 A. Matsumoto et al./Adsorption Science & Technology Vol. 24 No. 6 and MS-SO 3 H-20%, respectively, and gradually decreased to 40-50 kJ/mol with increasing adsorption uptake. Such initial heats are comparable to those for H-type zeolites such as mordenite (180 kJ/mol) (Tsutsumi and Nishimiya 1989) and ZSM-5 (150 kJ/mol) (Parrillo et al. 1994) , indicating that the surfaces of MS-SO 3 H-10% and MS-SO 3 H-20% exhibited a strong acidic character comparable to that of H-type zeolites. The higher adsorption heat recorded for H-type mordenite (> 80 kJ/mol) is due to adsorption on acid sites, with the amount adsorbed when the differential heats are greater than 80 kJ/mol corresponding to the amount of acid sites. The amounts adsorbed were 0.6 µmol/m 2 and 1.8 µmol/m 2 , respectively, for MS-SO 3 H-10% and MS-SO 3 H-20%, although the adsorption isotherms depicted in Figure 4 for these samples indicate that further adsorption occurred above these uptakes. This suggests that, in the initial stage of the adsorption process, ammonia molecules preferentially adsorb on acid sites via an acid-base interaction and then subsequently via a physisorption mechanism. The gradual decrease in the values of the heats as a consequence of adsorption on the acid sites indicates that the strengths of the acid sites on the MS-SO 3 H samples were somewhat heterogeneous compared to those for H-type zeolites.
In contrast, the differential heats of adsorption for MS-SH-0% and MS-SH-20% had values in the range of 75-80 kJ/mol at the initial stage and these values then immediately decreased to 30 kJ/mol. This result suggests that the acid sites on the surfaces of these samples were less acidic so that ammonia adsorption occurred solely via physisorption. Ammonia adsorption on a nonacidic Na-type zeolite such as mordenite gave differential heats with values greater than 70 kJ/mol, probably as a result of the enhancement of the adsorption potential in the microporous cavities of a zeolite with a pore size less than 0.6 nm. However, MS-SH-0% and MS-SH-10% have wider pore sizes, so that the adsorption potential was smaller than for Na-mordenite. As a consequence, the differential heats on these samples were lower than that on the zeolite. Figure 6 shows plots of changes in the saturated uptake against the amount of acid sites in the samples when the mole percentage of MPTMS was varied during their syntheses. The data points depicted relate to the calculation of the amount adsorbed via a Langmuir plot and via microcalorimetry. Both plots increased linearly with increasing mole percentage of MPTMS. Thus, the amount of acid sites associated with the MS-SO 3 H samples may be controlled by regulating the amount of MPTMS employed in the sample synthesis. Figure 6 . Relationships between the sulfo content and the saturation uptakes of NH 3 by the microporous silica samples studied. Data points relate to the calculation of the amount adsorbed via a Langmuir plot () and via microcalorimetry (ٗ).
Conversion of but-1-ene
The isomerization of but-1-ene to cis-and trans-2-butene was investigated over MS-SO 3 H-20% and H-type ZSM-5 (H-ZSM-5, Si/Al = 20) within the temperature range 373-523 K. The results listed in Table 2 show that MS-SO 3 H-20% catalyzed the isomerization over the particular temperature range studied. Since the dominant products were cis-and trans-2-butene, this indicated that the reaction proceeded via a pathway involving Brönsted acid catalysis. The conversion ratio of but-1-ene to isobutene increased from 4.1% to 11.2% as the reaction temperature was increased from 373 K to 423 K. However, further increase in the reaction temperature led to a decrease in the conversion ratio. In contrast, the conversion ratio for H-ZSM-5 increased from 19.2% to 91.6% over the same temperature range. This higher conversion ratio may be attributed to the smaller pore size contained in H-ZSM-5, since microporous silica with pore sizes of ca. 1 nm has been found to be more suitable in catalysis reactions involving larger molecules, e.g. glycerol esterification with a fatty acid (Diaz et al. 2000) .
CONCLUSIONS
The pore size of microporous silica functionalized with a sulpho group has been successfully controlled within the micro-/meso-pore range. Various characterization techniques have shown the existence of ordered pore arrays as well as thiol and sulpho groups in the samples before and after oxidation. The existence of strong acid sites in the silica framework was demonstrated by a study of the adsorption of ammonia gas and the associated heat of adsorption. MS-SO 3 H was found to catalyze the isomerization of but-1-ene to cis-and trans-2-butene.
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